Human herpesvirus 7 (HHV-7) is a recently isolated herpesvirus that has been shown to be related to human cytomegalovirus and human herpesvirus 6 and to be a member of the betaherpesvirus subgroup. Here we report the cloning, restriction 
Introduction
Human herpesvirus 7 (HHV-7) is a recently discovered herpesvirus that was first isolated from the peripheral blood lymphocytes of a healthy individual (Frenkel et al., 1990) . Other strains of HHV-7 have since been isolated, including strain JI, obtained from the blood of a patient with chronic fatigue syndrome (Berneman et al., 1992 b) . HHV-7 is distinct from human herpesvirus 6 (HHV-6) and other human herpesviruses as evidenced by the lack of general cross-hybridization of DNA fragments (Frenkel et aI., 1990; Bememan eta] ., 1992 a, b) . Limited sequence analysis of a region of the genome of HHV-7 strain JI demonstrated firstly that HHV-7 possessed a gene with homology to the human cytomegalovirus (HCMV) UL31 and HHV-6 U10 genes, and secondly that HHV-7 was more closely related to HHV-6 than to HCMV (Berneman et a] ., 1992a; Gompels eta]., 1995) . This has since been confirmed from sequence analysis of the major capsid protein gene from HHV-7 strain MUK (Mukai et al., 1995) . The possession by HHV-7 of a UL31 homologue, to date found only in the betaherpesviruses HCMV and HHV-6, suggested that HHV-7 was a member of the betaherpesvirus subgroup.
Infection by both HHV-6 and HHV-7 is ubiquitous, with primary infection usually occurring within the first 2 years of life (Clark et al., 1993; Wyatt & Frenkel, 1992; Wyatt et al., 1991; Yamanishi et aI., 1988) . HHV-6 has been shown to be associated with exanthem subitum, a mild febrile disease of infants (Yamanishi et al., 1988) and there have been reports that primary infection by HHV-7 may lead to similar symptoms (Asano et al., 1995; Hidaka et al., 1994; Portolani et al., 1995; Tanaka et al., 1994) . Both viruses undergo productive rep-lication predominantly in CD4 + T lymphocytes both in vivo and in vitro (Berneman et at., 1992a; Frenkel et al., 1990; Lusso eta[., 1988 Lusso eta[., , 1994 Takahashi et a]., 1989) . The close biological relationships between HHV-6 and HHV-7 appear to be reflected at the genetic level; sequence analysis of the termini and direct repeat (DR) elements of HHV-7 has shown firstly that HHV-7 DR units contain telomeric repeat motifs and secondly that these are located at positions analogous to homologous repeat motifs present in the DR elements of HHV-6 (Secchiero et al., 1995) . Thus, HHV-6 and HHV-7 appear to be very closely related members of the betaherpesvirus subgroup.
The aims of the work presented in this report were (a) to clone the entire HHV-7 genome as a series of overlapping subgenomic restriction endonuclease fragments, (b) to generate cleavage maps for the entire HHV-7 genome for selected restriction endonucleases, and (c) to obtain preliminary data on the genetic content and organization of HHV-7. The data and reagents generated during these studies will provide a basis for subsequent molecular biological analysis of HHV-7.
Methods
• Subcloning of viral DNA. Subcloning of sonicated HHV-7 DNA was done in M13mp18, and of EcoR1-, BamHI-and XhoI-diges~ed viral DNA in ,~ bacteriophage vectors ZAPII, ZAP-Express and DASHII (Stratagene). Pulsed-field gel-purified HHV-7 DNA (500 ng) (Z. Berneman, unpublished) was randomly fragmented using a cup-horn sonicator, end-repaired using Klenow DNA polymerase, and cloned into SmaI-cleaved and phosphatased M13mpI8 bacteriophage vector DNA by procedures analogous to those described previously (Bankier et al., 1987; Sanger et al., 1980) . EcoRI, BamH1 and XhoI genomic libraries of HHV-7 were generated by cleavage of 10 ng of viral DNA with the appropriate endonuclease, followed by phenol extraction and ethanol precipitation, using the corresponding restriction endonuclease-cleaved ;~ vector DNA (1 Ilg) as carrier. The DNA was resuspended in ligation buffer and ligated using standard techniques. Ligated DNA was packaged into ~ phage heads using commercially available in vitro packaging extracts and appropriate bacterial host cells infected according to the manufacturer's instructions (Stratagene). Plasmid versions of bacteriophage clones were generated either by in vivo excision using helper phage (Stratagene) or using conventional ligation/transformation techniques to clone HHV-7 insert DNA from ,t phage vectors into appropriately cleaved plasmid vectors [pUC19 or pSK( + ); Stratagene]. Plasmid subclones of large (> I2 kbp) HHV-7 inserts were generated by isolation of relevant restriction fragments on low melting point agarose gels prior to ligation into plasmid vector DNA.
• Screening genomic libraries. Methods used to screen for recombinant ~, clones of interest (using M13 probes or during 'genomic walking') comprised immobilization of ,{ plaques on nylon membranes followed by hybridization with a specific radiolabelled probe, and were based on standard protocols (e.g. Sambrook et aL, 1989) . Briefly, plated amplified genomic libraries or 'phage grids' were transferred to nylon membrane (Magnagraph, MSI), and these membranes processed through denaturing solution (05 M-NaOH, 1-5 M-NaC1), neutralizing solution (1'5 M-NaC1, 0"5 M-Tris-HC1, pH 7'4), and 2 x SSC. The filters were then dried and baked at 80 °C for 2 h. Filters were prehybridized at 65 °C in 5 x SSPE, 1% SDS, 500 I~g/ml heparin. Hybridization of denatured radiolabelled probe with immobilized phage DNA was carried out in the same buffer at 65 °C. Filters were washed in repeated changes of either 2 x SSC, 25 mM-sodium phosphate, pH 6"7, 0'2% SDS or 0'5 x SSC, 25 raM-sodium phosphate, 0"2% SDS (for more stringent washes). Radiolabelled probes used for the phage screens were made from low melting point agarose gel-isolated DNA fragments by the method of Feinberg & Vogelstein (1983) .
• In vitro packaging and growth of ~ phage. The ,~ bacteriophage vectors ~.ZAPII, 2ZAP-Express and ,~DASHII were obtained as EcoRIdigested (,~ZAPII) or BamHI-digested (,~ZAP-Express, ~.DASHII) calf intestinal phosphatase-treated vector arms (Stratagene) or prepared from undigested 2DNA (Stratagene) to generate XhoI (,tDASII) and EcoRI (2DASHII) vectors. Ligated, recombinant DNA was packaged in vitro using Gigapack I[ Gold extract (Stratagene) according to the manufacturer's instructions. Host bacterial strains used for the plating and growth (liquid cultures) of ,~ phage were XLI-Blue MRF' (;tZAPII, ,~ZAP-Express, UniZAP-XR) or XL1-Blue MRA(P2) (,~DASHII). Growth of ,I, phage clones for the isolation of DNA was done in Z5 ml cultures using techniques described previously (e.g. Sambrook et al., I989) . Briefly, phage was added to a diluted overnight culture of the appropriate bacterial host, and incubated with shaking until the culture cleared (4--6 h). Host DNA was digested with DNaseI (Sigma), the phage pelleted with 10% PEG, and ~ phage DNA recovered by phenolchloroform extraction and ethanol precipitation. Plasmid clones were derived from the parental ~.ZAP vectors using ExAssist helper phage and XLOLR bacterial host strain according to the supplier's instruction (Stratagene).
Results

Generation of HHV-7 gene-specific probes
To identify HHV-7 genes homologous to previously sequenced HCMV and HHV-6 genes, and to provide probes for these sequences, sonicated HHV-7 virion DNA was shotgun-cloned into M13mp18 vector DNA for sequencing (Bankier et al., 1987) . Single-stranded DNA templates were prepared and sequenced by established techniques (Bankier et aI., 1987) . The derived partial sequences (typically 200-300 nucleotides in length) were analysed for the presence of open reading frames (ORFs) using the NIP programs of Staden (1986) . Assessment of the likelihood of small ORFs (< 150 nucleotides) to be protein-coding was based on positional base preference analysis (Staden, 1984) . Each large ORF (> 150 nucleotides) and smaller ORFs with high positional base preference scores were translated to obtain the amino acid sequences of the encoded protein products. FASTA analysis (Pearson & Lipman, 1988) was undertaken for each of these translation products to identify homologous sequences in the database. Homologues were found to 13 of the HHV-7 translation products, with FASTA scores ranging from 84 to 271 (Table 1) . Translation products of HV198-and HV68-derived sequences gave highest scores to HCMV US22-and US26-encoded proteins, respectively, both members of the US22 family (Chee et al., 1990; Efstathiou et al., 1992) . By analogy to HHV-6, HHV-7 would not be expected to contain direct equivalents of the US22 and US26 genes, which are encoded by sequences within the short unique (U s ) component of the genome (Chee et aI., 1990) . However, the HV198 and HV68 translation products are clearly derived from genes iiiiiiiiiiiiiiiiiiiiii i iiii iii ii i iiii iii i iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii belonging to the US22 family ( Fig. 1 ). Other HHV-7 translation products listed in Table 1 showed matches to specific genes in HCMV and HHV-6 (see Fig. I ). These correspond to genes that are conserved in other sequenced herpesviruses also (see . HV36 contained multiple, although somewhat degenerate, copies of the sequence TAACCC, homologous to the telomeric repeat sequences found in HHV-6 and Marek's disease virus Kishi et al., 1988; Martin et al., 1991; Thomson et al., 1994) . In HHV-6 these sequences are located close to the ends of the DR elements at the genome termini.
These data therefore identified sequences in HHV-7 corresponding to herpesvirus-conserved and betaherpesvirusspecific (US22) genes, in addition to HHV-7 telomeric repeat elements presumably corresponding to those present in the genome of HHV-6. Such analysis provided a panel of genespecific probes with which to identify larger subgenomic clones (see below).
Subcloning of the HHV-7 genome into ~ phage vectors
Pulsed-field gel-purified HHV-7 virion DNA (Z. Berneman, unpublished) Sambrook et al., 1989) . Each recombinant (white) clone from the ;tZAP-Express (BamHI), ,~DASHII-EcoRI, and 2DASHII-XhoI libraries was isolated.
Isolation and mapping of ~ genomic clones
The M13 clones listed in Table 1 , with the exception of HV68 and HV406, were used to generate probes to screen for corresponding sequences among the HHV-7 2 genomic libraries. HHV-7 sequences were amplified from recombinant single-stranded M13 template by PCR directed by M13 forward and reverse universal primers. MI3 polylinker sequences were removed by digestion of the PCR products with The upper section of the figure shows a representation of the HHV-6 genome and the locations (arrows) of the genes for which homologues were detected among the sequenced HHV-7 IVll 3 clones. Associated numbers refer to particular N11 3 recombinant clones. Nll 3 clone HV36 (not shown) was found to contain a short stretch of telomeric repeat sequences, similar to those present at each end of the DR elements in HHV-6 (shaded), The lower section of the figure shows the .;~ phage-cloned subgenomic fragments of HHV-7 that were isolated from the genomic libraries through hybridization with the Nll 3 probes, and their putative map locations on the HHV-7 genome. These could be mapped tentatively on the basis of assumed genetic collinearity between HHV-6 and HHV-7. Their positions were confirmed and accurately determined following the isolation of further clones and construction of linkage maps (see Fig. 3 and text). (b) Genomic walking and determination of linkage relationships between overlapping restriction endonuclease fragments. As an example of the techniques used, assembly of the left region of the genome is illustrated. NIl 3 probes used for the isolation of ED59, EZ25 and BD20 are shown (arrows). Terminal restriction fragments (black boxes), EZ38 and the cDNA clone CZ34 were used as probes to isolate overlapping fragments from the EcoRI and BemHI genomic libraries. EZ3 and BD17 share DR sequences at their right and left ends, respectively, but actually EZ3 is derived from the right end of the genome (see text and J, Nicholas. unpublished data.] The approximate map locations of cDNA clones used to isolate adjacent, EcoRI fragments (in ~, phage cJones) are shown as black boxes below the restriction maps. Regions of apparent size heterogeneity (see Fig, 4 and text) are indicated by the shaded strips at the ends of each of the terminal DR units. Letter designations of restriction fragments correspond to those shown in Table 2 . 
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BamHI and KpnI, which cut immediately adjacent to the SmaI site into which the HHV-7 fragments were ligated. The gelpurified fragments were used to generate radiolabelled probes using the random priming method of Feinberg & VogeIstein (1983) . Each of the probes was used to screen approximately 20 000 clones from the amplified genomic libraries (2ZAPII-EcoRI and ,~DASHII-BamHI) and all of the isolated 2DASHII-EcoRI and 2ZAP-Express-BamHI clones. Standard techniques were used to transfer ;t DNA from plated or 'gridded' plaques to nylon membranes.
Hybridizing 2 clones were isolated from one or more of the libraries for all but one (HV252) of the M13 probes used. The data are summarized in Table 1 . Several distinct positive clones were isolated using the telomeric repeat probe, HV36. On the basis of presumed genetic collinearity between HHV-6 (and HCMV UL) and HHV-7, we were able to map tentatively the ,t clones obtained using probes HVI98, HV15, HV160, HV52, HV300, HV59, HV336, HV29, HV293 and HV40 (shaded boxes, Fig. 2 ).
Once these hybridizing ;t clones had been provisionally positioned in the genome, restriction mapping was undertaken to identify short terminal fragments which could be used as probes for the isolation of overlapping fragments from the EcoRI or BamHI libraries. Where BamHI clones overlapping isolated EcoRI fragments could not be isolated (between genomic positions 43--67kbp and 109-132 kbp), cDNA clones bridging adjacent EcoRI fragments were used as probes. As an illustration of the techniques used, the restriction maps and probes used to identify and position clones within the left 50 kbp region of the HHV-7 genome are shown in Fig. 2 (b) . Fragments ED59, EZ25 and BD20 were identified and provisionally mapped using the MI3 probes HV15, HV52, HV160, HV198 and HV300. The ,~ clones EZ38, BD17 and EZ3 were isolated by using terminal restriction fragments or EZ38 sequences as probes to 'walk' between EcoRI and BamHI genomic libraries. Clones EZ3, ED157 and BD17 contain telomeric repeat sequences [(TAACCC)n], as identified by hybridization with M13 probe HV36, in addition to other terminal DR sequences, and EZ3 and BD17 share sequences at their right and left ends, respectively. However, EZ3 also contains sequences corresponding to the right end of the unique component of the genome and is therefore derived from this locus (Secchiero et al., 1995 ; see Fig. 3 ). The precise relationships between overlapping EcoRI and BamHI cloned fragments were determined by comparative restriction endonuclease mapping; BamHI, EcoRI, HindIII, SalI, SmaI and XhoI were used singly and in various combinations to cleave either 2 or plasmid recombinant DNA. Digestion products of overlapping fragments were run on the same agarose gel to allow direct comparison of shared fragments (within overlapping sequences), and the different digestion profiles of each clone were analysed to map internal restriction endonuclease sites. The cDNA clone CZ34 was used to bridge between EZ34 and ED59, thereby establishing the join between the two genomic fragments. CZ34 was isolated from an available HHV-7 infected cDNA library (cloned in UniZAP-XR, Stratagene; P. Secchiero, unpublished data) using EZ34 sequences (2'3 kbp EcoRI-HindlII fragment) as a probe, and was then used to screen the EcoRI-genomic libraries for hybridizing clones. Equivalents of ED59 were obtained. Linkage between ED59 and EZ34 was confirmed by comparative restriction mapping of CZ34 and the genomic clones.
Analogous approaches employing genomic walking, walking between cDNA and genomic libraries, and restriction mapping were used to isolate and map other HHV-7 ;~ phage clones together representing the whole genome. The relative orders of small EcoRI fragments (e.g. EZl17, El18 and EZl19) isolated during library screening with single cDNA clones were determined by comparison of their terminal sequences with EcoRI junctional sequences derived from the corresponding cDNA clone (data not shown). These combined data enabled the determination of complete restriction endonuclease maps for BamHI, EcoRI, SalI, SrnaI and XhoI for the entire HHV-7 genome (see Fig. 3 and Table 2 ).
HHV-7 termini, DR elements and heterogeneity
Previous sequence analysis of the termini and terminal DR elements of HHV-7 established that HHV-7, Iike HHV-6, contains telomeric repeat motifs [(TAACCC) n and related sequences] close to the genome termini and the DR-unique sequence boundaries (Secchiero et aI., 1995; see Fig. 2) . The presence of telomeric repeat motifs within 2, clones BD17, ED157, BZ92 and EZ3 (see Fig. 3 ), in addition to other related clones was initially identified on the basis of hybridization of these sequences with probe HV36, comprising a small stretch of telomeric repeat elements (Table 1) . Several clones corresponding to ED157 were isolated, and contain a restriction fragment length polymorphism, as apparent from HindIII endonuclease digestion. The range of sizes of the heterogeneous HindIII fragments is i"25 kbp (clone ED132) to 1"75 kbp (clone ED157). These fragments hybridize to probe HV36, thereby demonstrating their possession of telomeric repeat motifs (Fig. 4 b) . Previously reported sequence from this region was determined from the 1"25 kbp HindIII fragment of ED132 where we were able to sequence across the telomeric repeats (Secchiero et aL, 1995) . Thus size heterogeneity of cloned HHV-7 fragments containing the DR~-unique sequence (DR-U) junction corresponds to the telomeric repeat motifs at this locus. Some size heterogeneity has been observed also within clones (e.g. BZ92, EZ3) spanning U-DR towards the right end of the genome. This locus contains a far shorter and simpler array of telomeric motifs (Secchiero et al., 1995; Fig. 4 c) . These data indicate that size heterogeneity within isolated clones containing DR-U and U-DR sequences are either due to initial instability of the clones by virtue of the presence of telomeric repeat motifs, or reflect sequence heterogeneity at this locus within the population of viral genomes. At present we do not have experimental data that discriminate between these possibilities.
Sequence and structural homology between the genome termini of HHV-7 and HHV-6 has been reported (Secchiero et a] ., 1995). The presence of a SmaI site in DR L was identified within 50 bp of the left genomic terminus. The analogous Sinai site in DR R occurs within EZ3 sequences mapping to the U-DR region (see Figs 3 and 4a) . The SmaI-C fragment is contained entirely within the DR sequences and is therefore common to DR~ and DR R. The positioning of the right end of the genome was deduced from the mapping of the corresponding DR-U junction within the sequenced 1"25 kbp HindlII fragment corresponding to ED 157'1.8 (Secchiero et aI., 1995; see Fig. 3 ). The clones and derived restriction data relating to the genome termini and DR-U/U-DR junctions are illustrated in Fig. 4 (a) .
Finally, it should be stated that two distinct classes of ED65'7-type clones were isolated during library screening, and possibly reflect size heterogeneity within sequences of these clones. Thus, EcoRI fragments of 6"8 kbp (in ED65"7) and 6"5 kbp were identified as mapping to the same locus. These clones were isolated initially on the basis of hybridization to an HHV-6 probe, pR56, containing 110 bp repeat units (KpnI repeats) located upstream of the IE-A locus (Martin et al., 1991; . It is possible, therefore, that size heterogeneity reflects expansion or deletion of the region in HHV-7 containing equivalent repetitive elements.
Discussion
The work presented in this report has confirmed and extended previous partial sequencing studies of HHV-7 showing the close relationship between HHV-6 and HHV-7, has determined complete restriction maps for BamHI, EcoRI, Sail, Sinai and XhoI for the genome of HHV-7 strain JI, and has obtained subgenomic clones together spanning the entire viral genome. The panel of subgenomic clones should prove useful for the future identification and isolation of HHV-7 genes and for their functional characterization.
The overall structure of the HHV-7 genome is identical to that of HHV-6, with a U L component flanked by a single DR unit at each end. The lengths of the U L and DR components of HHV-7 are approximately 133 kbp and 6 kbp, respectively, somewhat shorter than the equivalent regions in HHV-6 (143 kbp and 8 kbp; Gompels et aI., 1995) . The DR-U-DR structure and lengths of the DR units in HHV-7 have been deduced from a combination of restriction mapping of overlapping subclones (specifically ED157, BD17, EZ3 and BZ92), use of hybridization studies to identify and localize telomeric repeat elements, and sequence analysis of the genome termini and DR-U junctions (Figs 3 and 4 ; Secchiero et al., 1995) . In addition to the conservation of overall genomic structure between HHV-7 and HHV-6, the partial sequencing studies reported here, coupled with the unequivocal mapping of subgenomic clones, have demonstrated both high conservation of HHV-7-and HHV-&encoded proteins and genetic collinearity between the unique components of these betaherpesviruses. The degree of conservation between HHV-7 and HCMV (and HHV-6 and HCMV) proteins is notably lower than between HHV-7 and HHV-6. Yet, despite the close relationship between HHV-7 and HHV-6 with respect to biological properties, genome organization, degree of conservation of encoded proteins, and even in terms of local conservation of nucleotide sequence (e.g. telomeric repeats and R56-like sequences; Martin et al., 1991; , these viruses are clearly distinct in that cross-hybridization of their nucleic acid sequences is generally not seen, even at low stringencies (Bememan eta] ., 1992 a). Furthermore, HHV-6 and HHV 7 have distinct antigenic and biological properties, a feature that has allowed their separate isolation and characterization (Frenkel et aI., 1990; Berneman et aI., 1992b; Yaminishi et aI., 1988; Tanaka eta] ., 1994). An important question, then, is what are the major genetic differences between HHV-6 and HHV-7 that ultimately account for their biological and evolutionary divergence? Genes unique to each virus could confer distinct biological properties that are a cause or reflection of biological divergence.
One of the main motivations for this study was to provide a set of reagents, in the form of HHV-7 subgenomic clones, to allow the further molecular biological analysis of HHV-7. The recombinant 2 phage clones and plasmid derivatives described here collectively represent the entire HHV-7 strain JI genome.
These clones have been used for large-scale sequence analysis of HHV-7 (J. Nicholas, unpublished data), and should provide convenient sources of specific gene sequences for analysis of gene function. Molecular biological analyses of HHV-6 and HHV-7 will be important in delineating the common and distinct features of these T-lymphotropic human herpesviruses, and may allow the development of hypotheses to explain their evolutionary histories and their relationship to other betaherpesviruses, such as HCMV.
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